Ouabain-sensitive (OS) and -resistant (OR) Rb 
Introduction
Compelling evidence points to an essential role of ion channels in apoptosis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The K + channels attracted attention first of all because the efflux of K + via channels is believed to be responsible for the volume decrease, known as a hallmark of apoptosis. It was reported that at least 14 species of K + channels are involved somehow in apoptosis of various cells [2] . However, calculation of the changes in ion and water balance caused by an increase in the integral permeability of K + channels showed that significant cell shrinkage in apoptosis due to increase in the permeability of the K + channels can occur only under specific conditions [14] [15] [16] . In addition, an increase in the integral permeability 188 of K + channels conventionally associated with the opening of channels should lead to hyperpolarization of apoptotic cells whereas depolarization was mostly observed [12, [17] [18] [19] [20] [21] . Study of the 22 Na and Rb + fluxes in U937 cells treated with 1 µM staurosporine (STS) for 4-5 h, which was used as an established model of apoptosis with significant cell shrinkage, led us to conclude that the degradation of the sodium pump in a combination with the reduction of Na + influx via channels and Na + -Cl -cotransport, but not an increase in the permeability of K + channels plays the major role in alteration of the ion and water balance in apoptosis of U937 cells [15] [16] . The present study reveals that an increase in ouabain-resistant (OR) Rb + influx, reflecting most likely K + channel permeability, with no pump inhibition may play a leading role in the apoptotic shift of ion and water balance of some cells but that in most cells a decrease in OS (pump) K + influx is more significant than the increase in OR K + influx.
Materials and Methods

Cell culture
Two sublines of U937 cells (U937-160B2 and U937-9957) were obtained from the Russian Cell Culture Collection (Institute of Cytology, Russian Academy of Sciences). Subline with the catalog number 160B2 is specified below as cells 1, subline with the number 9957 -as cells 2. Cells 3 correspond to the U937 cells obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ). Cells in concentration of 0.7-1.0 x 10 6 cells ml -1 were incubated in RPMI 1640 medium (Biolot, Russia) supplemented with 10 % fetal bovine serum (FBS, HyClone Standard) at 37 °C and 5% CO 2 . For induction of apoptosis the cells were exposed to staurosporine (STS, Sigma-Aldrich, Germany). A 0.2 mM stock solution of STS in DMSO was used to yield a final concentration of the drug of 0. Cl in TCA extracts was measured by liquid scintillation counting (Beckman LS 6500). The TCA precipitates were dissolved in 0.1 N NaOH and analyzed for protein by the Lowry procedure with serum bovine albumin as a standard. The cell ion content was evaluated in mmol per g of protein.
Determination of cell water content Cell water was determined by measurements of the buoyant density of cells in continuous Percoll gradient as described [22, 23] . Briefly, the density gradient was prepared from the 35-40 % Percoll solution on the base of the RPMI medium with addition of the x10 Hanks solution in proportion 1:10 to the volume of the stock Percoll (Pharmacia, Sweden). The gradient was generated in 95 mm-length 2 ml tubes at 2000 x g for 40 min (K-23 centrifuge, Janetzki, Germany). Density marker beads of 1.033, 1.049, and 1.062 g ml -1 (SigmaAldrich, Germany) were used to control the density gradient, which was about 0.005 g ml
. Cell suspension (100 μl, 3-5x10 6 cells) was layered over Percoll gradient and centrifuged for 10 min at 400 x g (MPW-340 centrifuge, Poland). After isopicknic distribution the cells were taken out by a pipette, placed into 1.5 ml tubes, diluted in 4-6 volumes of the RPMI medium and sedimented for 5 min at 300 x g (MPW-310 centrifuge, Poland). The pellets were assayed for ions and protein as described. The water content per g protein, v prot. , was calculated as v prot. = (1-ρ /ρ dry )/[0.79(ρ-1)], where ρ is the measured cell buoyant density and ρ dry is the density of cell dry mass. The latter was taken as 1.35 g ml -1 , while the share of the protein in dry mass as 0.79.
For determination of cell water content by radiolabelled glucose and glycerol the cells were processed as with 36 Cl. The buoyant density of cells is a much more sensitive and reliable method for determination of cell water than the technique using intra-and extra-cellular water markers. The difference in the density by 0.005g ml -1 , which corresponds to the shift in cell water content by about 10 %, was associated in our experiments with the displacement of cells in the gradient tubes by approximately 1cm. Dispersion of the data obtained by radiolabels was much higher than that found by the measurement of buoyant density.
DNA flow cytometry
For determination of the G0/G1, S, G2 cells and cell fragments with the hypodiploid DNA content about ≈5x10 5 cells were treated with 0.5 ml solution containing 0.02% ethylenediaminetetracetic acid (EDTA), 15 mM MgCl 2 , 0.1% Triton X-100, 20 μg/ml Ethidium bromide (EB), and 40 μg/ml olivomycin, pH=7.4 for 20-24 h at 4-6°C. Fluorescence was measured at > 600 nm and excitation within 380-470 nm by using a flow cytometer described earlier [24] . 
Microscopy
Cell preparations were stained for 5 min by acridine orange (AO, 2 μg/ml) in a combination with EB (20 µg/ml). The fluorescence was excited with an argon laser at 488 nm and passed through the 500-550 nm spectral window for the "green" AO fluorescence and 600-700 nm window for the "red" AO and EB fluorescence. LSM 5 Pascal microscope (Carl Zeiss, Germany) was used. The images were combined with a Zeiss LSM image browser.
Statistics
Data were analyzed by Student's t test and considered significantly different at p<0.05.
Results
Inhibition of the Na Table 1 ). The residual component The influx via channels or pump is defined as uninhibited or inhibited by 0.1 mM ouabain component. Cells 1 -U937-160B2, Cells 2 -U937-N9957, Cells 3 -U937-DSZM. Cells were incubated with staurosporine for 4-5 h. Means ± se, number of experiments is given in parentheses. Significant differences between means at P < 0.05 when they are non-evident are marked by superscripts a, b and c, d. (Tables 2, 3) .
Essential difference in the changes of the ouabainsensitive (OS) Rb + influx and OR Rb + influx in apoptosis were found in the studied sublines of U937 cells ( Table  1) . Treatment of cells 2 with 0.2 µM staurosporine (STS) for 4-5 h was followed by a 1.6-fold decrease in the pump Rb + influx without changes of the influx via channels. A similar decrease in the pump Rb + influx was found earlier in the subline U937-160B2 (Cells 1) following treatment with 1 µM STS [16] . In contrast, no changes in the pump Rb All studied sublines responded to treatment with 1 µM STS with a significant decrease in the pump Rb + influx and with moderate or insignificant change in the OR influx. (Fig. 1, f) . In the experiments presented in Fig.1 In another series of experiments the apoptosis of cells 1 treated with 1 µM STS was associated with cell dehydration down to a value 0.77 [23] . Relative changes in water content in the studied cells found by different methods are shown in Fig. 1 , c. Our experience has shown that among all the methods used the measurement of the buoyant cell density provides the most reliable data at least when small relative changes in cell water content are to be detected, as in the study of mild apoptosis. The calculation of absolute value of cell water content found by buoyant density measurements depends (almost linearly) on the assumed density of dry cell mass whereas calculation of the relative changes practically does not. Dispersion of the data obtained by using radiolabelled glycerol or 3-O-methyl-D-glucose was much higher than that for the data obtained by buoyant density. The apparent difference in the relative changes in cell water content obtained by different methods for Cells 1 and 2 in Fig. 1, c is not significant. Substantial differences between the cell lines in the alterations of OS and OR fluxes were observed only in the case of mild apoptosis. Accordingly, the degree of apoptosis was important. Therefore, the DNA flow cytometry of fixed cells and cell fragments stained with EB and light microscopy of unfixed cells stained with AO were performed to compare the apoptosis induced by 0.2 µM STS in the studied sublines.
Typical DNA histograms obtained by flow cytometry are presented in Fig. 2 . The studied sublines did not differ in the rate of proliferation and, hence, in the initial DNA histograms. The ratios S/G1 were 0.54 ± 0.04 (n = 15), 0.51 ± 0.04 (n = 14) and 0.49 ± 0.1 (n = 7) in the control indicate that cells 2 underwent more profound apoptosis.
The percentage of cells in G1 was slightly decreased in all cell types undergoing mild apoptosis. Vital staining of U937 cells with AO discloses apoptosis by specific chromatin rearrangement much earlier than cells become permeable for EB being colored intensively red. Alterations typical for apoptosis were observed in all studied sublines when 1 µM STS was used (Fig, 3, b) . However, only in a small portion of cells 1 and 2 apoptotic changes were observed after treatment with 0.2 µM STS (Fig. 3, c, d) . It is remarkable that the number of apoptotic cells in the first case was less than in the latter. This proportion corresponds to the difference in the changes of Rb + fluxes in cells 1 and 2. Evidently, inhibition of the pump is associated with more pronounced apoptosis.
Discussion
The present data showed that two different ionic mechanisms may cause the shift of ion and water balance in the mild apoptosis of the studied sublines of U937 cells in spite of the general similarity in the redistribution of Na , e.g. in proliferating U937 cells, should be considered as a slow drift of a balanced state [14] [15] [16] . It is clear that the balanced state depends on the properties of all ionic pathways through the plasma membrane as well as on the amount of the charged and uncharged intracellular osmolytes which do apparently not permeate through the plasma membrane of an unchallenged cell.
Computer modeling of the balance of major ion fluxes in cells with the Na 
